The efficacy of intraoperative cisternal irrigation using tissue-type plasminogen activator (tPA) combined with continuous cisternal drainage was assessed for the prevention of symptomatic vasospasm in patients with aneurysmal subarachnoid hemorrhage (SAH). Seventy consecutive patients underwent direct surgery for aneurysm clipping within 48 hours of SAH and had computed tomography (CT) findings classified as Fisher group III or IV with densities of more than 65 Hounsfield units (HU). Fibrinolysis of the cisternal clots was performed during surgery using 1.6 mg tPA in 55 cases or 3.2 mg tPA in 15 cases. If postoperative CT within 24 hours of surgery showed areas with density more than 65 HU, additional tPA (0.8 mg/day) was administered into the cisternal catheter until the high density areas disappeared. The cisternal drainage catheters were left in place until day 14. Additional tPA injection was necessary in four of the 55 patients receiving 1.6 mg tPA. Symptomatic vasospasm occurred in three patients (4.3%) and two patients had low density areas on CT. Permanent deficit (hemiparesis) due to cerebral vasospasm remained in only one patient. Intraoperative cisternal irrigation with tPA combined with cisternal drainage is safe and effective for the prevention of symptomatic vasospasm following SAH.
Introduction
Development of severe vasospasm is generally accepted to be highly correlated with the amount and distribution of subarachnoid clots, 8, 27) so evacuation of subarachnoid blood clots at an early stage is effective for preventing cerebral vasospasm. 9, 14, 17, 26, [28] [29] [30] [31] Subarachnoid clots cannot always be removed by surgical aspiration for technical reasons, so adjunct therapies to dissolve the clots using urokinase or tissue-type plasminogen activator (tPA) have been applied. 2, 6, 15, 16, [18] [19] [20] 23, 24, [32] [33] [34] Vasospasm following aneurysmal subarachnoid hemorrhage (SAH) can be prevented by the postoperative administration of tPA through catheters into the cisterns and ventricles. 15, 16) However, the procedure of tPA injection through catheters for several days is relatively hazardous in daily clinical practice and carries a risk of complications such as infection and hematoma. 16, 21) The present prospective study investigated the efficacy of a single intraoperative cisternal irrigation using tPA combined with continuous cisternal drainage to prevent symptomatic vasospasm in patients with aneurysmal SAH.
H. Kinouchi et al.

Patients and Methods
I. Patient population
This prospective study included 70 consecutive patients, 16 men and 54 women, aged between 13 and 82 years (mean 57 years), treated for ruptured cerebral aneurysm between January 1996 and July 1997 at Kohnan Hospital, Sendai, Japan. All patients underwent direct surgery within 48 hours and had computed tomography (CT) findings classified as Fisher group III (66 cases) or IV (4 cases) with densities of more than 65 Hounsfield units (HU). 8) The CT density of the subarachnoid clots was measured by region of interest analysis. 16) The aneurysms were located on the middle cerebral artery in 24 patients, the anterior communicating artery in 18, the internal carotid artery in 14, the vertebrobasilar artery (basilar tip or basilar artery-superior cerebellar artery junction) in six, and other sites in eight.
II. Protocol for tPA treatment
Intraoperative cisternal fibrinolysis was performed by bolus injection of a dose (1.6 or 3.2 mg) of tPA to the exposed cisterns. If postoperative CT within 24 hours of surgery showed areas with density more than 65 HU, additional cisternal injection of tPA (0.8 mg/day) was performed until the high density areas disappeared. The catheters were clamped for 1 hour after administration to prevent the immediate outflow of the tPA. The drainage catheters were usually not removed at the completion of tPA administration, but were left in place for a period of 2 weeks. The tPA treatment protocol was based on the Japanese Ministry of Health guidelines and was accepted by the Clinical Research Board of the Kohnan Hospital.
III. Surgical procedure
Eight patients underwent bifrontal craniotomy (5 for anterior communicating artery aneurysm and 3 for distal anterior cerebral artery aneurysm) and the other patients underwent unilateral craniotomy. Patients with hydrocephalus underwent continuous ventricular drainage from the ipsilateral anterior horn of the lateral ventricle. Two patients underwent unilateral craniotomy for basilar tip aneurysm via the subtemporal approach. The other 60 patients were treated via the transsylvian approach. After clipping of the ruptured aneurysm, the ipsilateral sylvian fissure, carotid cistern, prechiasmatic cistern, Liliequist's membrane, and the contralateral proximal sylvian fissure were opened. tPA (1.2 mg or 2.8 mg in 0.08 mg/ml of saline) was then injected into the cisterns. The clots were allowed to dissolve for more than 30 minutes. The dissolved clots in the cisterns were then washed out, and the remaining subarachnoid clots were aspirated as thoroughly as possible. Drainage catheters were inserted into the prepontine cistern and distal portion of the sylvian fissure. Then a bolus injection of tPA (0.4 mg) was administered through the drainage catheters inserted into the prepontine cistern. Only one catheter was inserted into the prepontine cistern in the case of the subtemporal approach for the basilar tip aneurysms. After the closure of the dura, cisterns were washed completely with saline through the cisternal catheters.
IV. Postoperative procedures
The catheters were left in the cisterns until 14 days after the surgery (day 14). Patients were kept in the normotensive and normovolemic state by measuring blood pressure, body weight, water balance, blood laboratory data, and central venous pressure. Induced hypertension and hypervolemic therapy was given only in the three patients who developed symptomatic vasospasm. The efficacy of the new protocol against cerebral vasospasm was assessed by the occurrence of symptomatic vasospasm and new areas of low density on CT. The occurrence of symptomatic vasospasm was evaluated by the presence of newly developed neurological deterioration (delayed ischemic neurological deficit). CT was performed immediately after the operation, on the next day, and three times a week or when delayed ischemic neurological deficit occurred. The final outcome was evaluated according to the Glasgow Outcome Scale at 1 month after the surgery. 11)
Results
The preoperative evaluation found 49 patients in Hunt and Kosnik grade II, 16 in grade III, and five in grade IV (Table 1 ). The dose of tPA required to wash out the subarachnoid clots was 1.6 mg in 55 patients and 3.2 mg in 15 patients. Four of the 55 patients treated with 1.6 mg tPA required additional injection of tPA through the catheters, once (0.8 mg) in two cases and twice (0.8 mg × 2) in two patients.
Symptomatic vasospasm occurred in three patients (Table 2) . Two patients with left middle cerebral artery aneurysm (preoperative Hunt and Kosnik grade II) developed motor aphasia on day 10 and day 12. One patient with left internal carotidposterior communicating artery aneurysm showed hemiparesis from day 5. These patients underwent induced hypertension and hypervolemic therapy. The motor aphasia completely resolved in the Intraoperative Fibrinolysis in SAH former two patients but the hemiparesis could not be fully improved in the latter patient. Two patients, one with aphasia and one with hemiparesis, suffered cerebral vasospasm which caused cerebral infarction defined as a low density area on CT (Figs. 1-3) . The outcome at 1 month postoperatively is shown in Table 1 . Fifty-five patients (78.6%) had good recovery, eight (11.4%) had moderate disability, four (5.7%) had severe disability, and three (4.3%) died. None of the deaths was due to vasospasm. Two patients suffered rerupture of the aneurysm following incomplete clipping and one patient died of myocardial infarction.
Hemorrhagic complications occurred in two patients, one patient suffered SAH in the sylvian fissure on day 3 and the other patient developed an epidural hematoma on day 6. tPA was only administered during surgery in both cases, and not through the catheter following surgery. Neither patient showed neurological deficits due to the hemorrhage and surgical treatment was not necessary.
Discussion I. Intraoperative bolus injection of tPA
Injection of tPA into the cisterns is a clinically effective method for preventing vasospasm, based on detailed experimental work. [3] [4] [5] 7, 22) A relatively large dose (7.5-15 mg) of tPA administered to the exposed cisterns immediately before completion of the surgery prevented vasospasm in 14 of 15 patients. 6) The treatment failed to clear the clots in only one patient who developed severe vasospasm. Injection of 3, 10, or 13 mg of tPA into the cistern at the end of the operation in 30 patients showed that the patients receiving 13 mg tPA had fewer blood clots on the first postoperative CT scan and less angiographic vasospasm. 18) Although this simple method appeared effective, the results of the randomized study of intraoperative tPA injection failed to confirm the prevention of vasospasm. 2) II. Postoperative injection of tPA and cisternal drainage Postoperative continuous cisternal drainage to remove clots and breakdown products from the cisterns is widely used in Japan. 10, 12, 15, 16) Cisternal irrigation using urokinase, an early precursor of intrathecal fibrinolytic therapy, 33) is also common in Japan, where a policy of early surgery has been actively pursued. Recently, a low frequency of symptomatic vasospasm after SAH (10.7%) was reported in patients treated by urokinase cisternal irrigation therapy. 19) We previously described postoperative cisternal tPA injection for prevention of vasospasm. Combined postoperative multiple intrathecal injection of tPA (a total of 2 mg of tPA Table  2 ). Preoperative CT scans (A) were obtained on admission within 24 hours after subarachnoid hemorrhage (SAH), postoperative CT scans (B) immediately after the operation, and follow up CT scans (C) 1 month after SAH. Postoperative CT scans showed clearance of the SAH, but she suffered transient motor aphasia, which was completely resolved by induced hypertension and hypervolemic therapy. Followup CT scans showed vasospasm had caused cerebral infarction in the left parietal cortex. Table  2 ). Preoperative CT scans (A) were obtained on admission within 24 hours after subarachnoid hemorrhage (SAH), postoperative CT scans (B) immediately after the operation, and follow-up CT scans (C) 1 month after SAH. Postoperative CT scans showed clearance of the SAH, but she developed motor aphasia, which was completely resolved by induced hypertension and hypervolemic therapy. Follow-up CT scans showed no cerebral infarction.
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per day) with cisternal drainage resulted in no case of symptomatic vasospasm in patients with thick subarachnoid clots. 16) Only 13% of patients showed moderate (10%) and severe (3%) angiographical vasospasm. However, the risk of infections caused by the injection of tPA through the cisternal catheters cannot be excluded, although the incidence is nearly zero in our practice. Therefore, we examined the effectiveness of intraoperative irrigation of tPA.
III. Hemorrhagic complications of tPA treatment
The most important issue with tPA treatment is the risk of hemorrhagic complication. The bleeding risk apparently depends on the dose of tPA and the method of tPA administration. A series of 15 patients treated with bolus injection of tPA resulted in one large epidural hematoma clearly related to the high dose of tPA (15 mg). 6) In addition, a series of 30 patients treated with 3, 10, or 13 mg of tPA included two bleeding complications (one intracerebral hemorrhage in the 3 mg group and one epidural hematoma in the 10 mg group). 18) However, bleeding complications were absent among 20 patients treated with 10 mg of tPA. 25) Furthermore, a randomized trial with 10 mg of tPA revealed no significant difference in the incidence of bleeding complications between the placebo and tPA groups. 21) Three studies with multiple postoperative injections of tPA including our previous study (single injection dose: 0.5 mg, 2 mg, 0.042 to 1 mg, respectively) confirmed the absence of bleeding complications due to tPA. 16, 31, 34) However, a multicenter trial with tPA administered via a catheter left in the cistern (0.1, 0.2, or 0.4 mg, three times daily) found that four of 53 patients experienced hemorrhagic complications, including one case of SAH in the 0.1 mg group, two cases of SAH in the 0.2 mg group, and one case of epidural hematoma. 20) Taken together, the bleeding risk of tPA treatment appears to be acceptable either using an intraoperative bolus injection or multiple postoperative injections.
The present method of intraoperative cisternal Table 2 ). Preoperative CT scans (A) were obtained on admission within 24 hours after subarachnoid hemorrhage (SAH), postoperative CT scans (B) immediately after the operation, and follow-up CT scans (C) 1 month after SAH. Postoperative CT scans showed clearance of the SAH, but she showed left severe hemiparesis, which was not completely improved by induced hypertension and hypervolemic therapy. Followup CT scans showed vasospasm had caused multiple cerebral infarctions. Her severe hemiparesis persisted at discharge.
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Intraoperative Fibrinolysis in SAH irrigation with tPA was modified from our previous method with multiple postoperative injections of tPA to try to minimize the risk of bleeding complications. This series of 70 patients suffered no hemorrhagic complication due to tPA treatment.
IV. Efficacy of clot clearance
The present study also demonstrated the efficacy of clot clearance by intraoperative cisternal irrigation with 1.6 or 3.2 mg of tPA. Clot resolution was confirmed by direct observation of the exposed cistern and by CT following surgery. Four patients receiving a 1.6 mg dose of tPA had areas of high density of more than 65 HU on CT within 24 hours of surgery. Additional injections of tPA through the cisternal catheter were effective to dissolve the residual clots, as suggested by our previous findings. The present study suggests that 3.2 mg is the optimum dose of tPA for intraoperative cisternal irrigation therapy.
The present intraoperative tPA irrigation procedure combines intraoperative injection of tPA and postoperative cisternal drainage. The present method differs from previous procedures using an intraoperative bolus injection of tPA, because the clots dissolved by tPA can be evacuated by intraoperative washing or drainage through the catheter (Table 3 ). The previous method of bolus injection administered a single dose (7.5-15 mg) of tPA in the exposed cisterns immediately before completion of the surgery. 2, 6, 18) Therefore, the dissolved clots remained within the cerebrospinal fluid for a long time after surgery. Although the pathogenesis of delayed vasospasm after SAH is not fully understood, hemoglobin, superoxides, free radicals, lipid peroxides, or prostanoids generated during subarachnoid clot lysis are all considered to be potent spasmogenic substances. 1, 13, 21, 22) Therefore, immediate drainage of the dissolved clots is expected to prevent vasospasm following SAH.
V. Prevention of vasospasm
Symptomatic vasospasm occurred in three of our 70 consecutive patients (4.3%). Our previous study using multiple postoperative injections of tPA through cisternal catheters resulted in no cases of symptomatic vasospasm among 30 patients. 16) However, the control group contained 11 cases of symptomatic vasospasm (15%) among 75 patients. The rate of symptomatic vasospasm in the present study is also low compared to other series, such as that using continuous urokinase cisternal irrigation therapy resulting in three cases of symptomatic vasospasm (10.7%) among 28 patients. 19) The three patients with symptomatic vasospasm in the present study showed relatively good clearance of clots by CT following surgery. The side of the symptomatic vasospasm was identical to the aneurysm and craniotomy side in all cases. Therefore, surgical maneuver or environmental changes due to rupture of the aneurysm including brain tissue damage may have caused the vasospasm. In addition, the general physiological conditions, including hypovolemia, hyponatremia, etc., are also significantly related to the occurrence of vasospasm, although the physiological data of our three patients were within the normal ranges.
VI. Conclusion
The present method of intraoperative cisternal irrigation of tPA with cisternal drainage is safe and effective for the prevention of symptomatic vasospasm following SAH, and reduces the risk of postoperative infection and/or hemorrhage due to injection through a catheter. *Cisternal catheter was used for the tPA injection. **Each dose of tPA was administered three times daily for 5 days. *** tPA was injected through the cisternal catheters in four of 55 patients in the 1.6 mg tPA group. DIND: delayed ischemic neurological deficits. 75: 189-196, 1991 Commentary This article reports a very relevant experience with a large cohort of patients treated with a new protocol of intracisternal rTPA in conjunction with craniotomy for aneurysm clipping, in high Fisher grade patients, with the aim of preventing symptomatic vasospasm.
As the authors discuss, the rationale of thrombolysis for vasospasm prevention is based on a rigorous experimental foundation, including mechanistic studies and highly compelling results in primates by Findlay and Weir's group and others more than a decade ago. Human trials were plagued with concern for hemorrhagic post-craniotomy complications in high dose rTPA groups, and lesser effectiveness at lower doses. Ultimately, this line of therapy was largely abandoned, as even a single fatal or disabling hemorrhage would not be tolerated in an otherwise prophylactic regimen where most patients would be expected to do well without this therapy. And as we all know, only a small fraction of patients, even with high Fisher grade, eventually develop serious complications from vasospasm.
Since that experience, there has been a resurgence of interest in rTPA for intraventricular hemorrhage, with highly promising results in ongoing trials, and a newly funded trial in North America (MISTIE trial) for thrombolytic aspiration of intracerebral hematoma. In those experiences, smaller doses of rTPA are proposed, with little added significant hemorrhagic risk, and potentially outweighed by the serious consequences of those types of bleeds where most patients die or are severely disabled. So it is cogent to revisit the question whether intracisternal or even intraventricular rTPA in aneurysmal subarachnoid hemorrhage would be safe at lower doses, and would prevent symptomatic vasospasm.
Kinouchi and colleagues propose such a protocol, carefully developed at their center. And they show convincing safety, without a single bleed or infection in a large prospective cohort. This is excellent Phase I data, warranting further investigation of this protocol. But while they make some claims regarding prevalence of vasospasm or clinical outcomes, these cannot be accepted without any form of control. It is not clear whether the safe low doses proposed in this study added any significant benefit in terms of prevalence or outcome from vasospasm, and what might be the results of placebo (non rTPA irrigation) and rTPA dose escalation with this new protocol. Historical controls cannot be accepted, as similar ranges of outcome have been reported with other neurocritical care measures of aggressive hydration, ventricular drainage without thrombolysis, calcium channel blockers, and/or transcranial Doppler surveillance and aggressive endovascular intervention for symptomatic spasm.
What is now needed is a Phase II study with placebo, dose escalation and blinding. If safety is maintained and biologic effects confirmed at a safe optimized dose, a Phase III study could be conducted using the optimized dosage, with third party blinded adjudication of outcome, and randomized control for other treatment adjuncts and potential biases. The authors have the experience and case volume to accomplish these important studies in upcoming years, and finally accredit or discard this important therapeutic modality. The authors report 70 patients with Fisher grade III or IV SAH undergoing early aneurysm surgery, and mainly intraoperative instillation of relatively small doses of tPA. Only two patients developed hemorrhagic complications, neither needing surgery, and there were only three cases of delayed ischemia presumed due to vasospasm, two of which were reversible. No infections were reported in spite of cisternal catheters left in place on continuous drainage for two weeks. Overall outcome was good for an unselected group with significant hemorrhage, particularly for assessment at one month after operation. This study is interesting in view of the low incidence of delayed ischemia compared with many of the previous reports (which have been summarized in a useful table) and in view of the low dose of tPA used. Why is this? Perhaps the answer lies in the technique used, of opening the basal cisterns widely at operation, instilling the tPA then waiting for over 30 minutes, washing out the dissolved clot and removing as much as possible of any remaining clot, and finally instilling a little more tPA and washing the cisterns again after dural closure. With good surgical technique, the risk of causing further vascular or other damage should be small, although operating time may be considerably more. As discussed, the risk of causing infection by multiple postoperative cisternal injections is also much less, and one would expect also less risk of hemorrhagic complications. Judged by postoperative CT scanning this procedure seemed very effective, with only four patients needing further tPA.
It would perhaps be difficult to justify, but would be very interesting to see the results of a randomized control study where one group received the same Removal of subarachnoidal clot by inducing fibrinolysis with intracisternal administration of tissue-type plasminogen activator (tPA) and subsequent drainage is thought to be an effective clinical manipulation to prevent vasospasm after aneurysmal subarachnoid hemorrhage (SAH). Various methods of administration and dosages of tPA have been tried, and different therapeutic results were obtained. In this article, the authors demonstrated that a single intraoperative administration of small dose (1.6-3.2 mg) tPA to the exposed cistern with continuous cisternal drainage could reduce the incidence and severity of symptomatic vasospasm in patients with high Fisher grade SAH after successful clipping of the ruptured aneurysm. The risk of hemorrhagic complication is also lower than in the other reported series.
It is generally accepted that intra-cisternal injection of tPA with proper drainage of the dissolved clot could be a good prophylaxis for vasospasm after aneurysmal SAH. However, the optimal dosage of tPA to effectively dissolve the subarachnoid clot and minimize the risk of bleeding complication has not yet clearly defined. The present article provides the message that intra-cisternal injection of a single and relatively small dose of tPA has a significant therapeutic effect. A large-scale clinical trial to define the optimal dose and the best method of administration in the future is very important for the standardization of this therapeutic modality.
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